Hepatitis C virus (HCV) infection is a major global health burden and is associated with an increased risk of liver cirrhosis and hepatocellular carcinoma. There remains an unmet medical need for efficacious and safe direct antivirals with complementary modes of action for combination in treatment regimens to deliver a high cure rate with a short duration of treatment for HCV patients. Here we report the in vitro inhibitory activity, mode of action, binding kinetics, and resistance profile of TMC647055, a novel and potent nonnucleoside inhibitor of the HCV NS5B RNA-dependent RNA polymerase. In vitro combination studies with an HCV NS3/4A protease inhibitor demonstrated potent suppression of HCV RNA replication, confirming the potential for combination of these two classes in the treatment of chronic HCV infection. TMC647055 is a potent nonnucleoside NS5B polymerase inhibitor of HCV replication with a promising in vitro biochemical, kinetic, and virological profile that is currently undergoing clinical evaluation.
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H
epatitis C is caused by a chronic viral infection with the hepatitis C virus (HCV) and may ultimately result in severe liver diseases, including fibrosis, cirrhosis, and hepatocellular carcinoma (12) . HCV is transmitted via the blood or contaminated blood products, and although blood screening has considerably reduced the rate of new infections (40) , an estimated 170 million people are currently infected worldwide (13) . There are six HCV genotypes (1 to 6) and multiple subtypes thereof, and genotype 1 is the predominant genotype in Europe, North America, Japan, and China (38) .
Until recently, patients were treated with weekly injections of pegylated alpha interferon (IFN-␣) in combination with twicedaily oral ribavirin for 48 weeks. This treatment regimen results in a sustained virological response (SVR) in approximately 80% of patients infected with genotype 2 or 3 but only 40 to 50% of those infected with genotype 1 (39) . Moreover, this regimen is associated with a range of side effects, including flu-like symptoms, anemia, and depression (31) . Hence, considerable efforts are being focused on the discovery and development of direct-acting antivirals (DAAs) for hepatitis C. It is believed that inhibitors of HCV NS3/4A protease, NS5A, and NS5B polymerase will be effective antivirals with fewer side effects than the combination of pegylated IFN-␣ and ribavirin.
In 2011, the HCV NS3/4A protease inhibitors telaprevir (17, 44) and boceprevir (2, 35) were approved by the U.S. Food and Drug Administration and the European Medicines Agency for the treatment of genotype 1 chronic hepatitis C in combination therapies with pegylated IFN-␣ and ribavirin. Treatment with telaprevir and boceprevir in combination with pegylated IFN-␣ and ribavirin significantly increased the SVR rate in treatment-naïve and experienced patients infected with genotype 1 virus and resulted in shortened treatment durations for a substantial number of treatment-naïve patients (17, 35, 44) . Nevertheless, multiple DAAs with complementary modes of action are needed to minimize viral resistance, reduce the treatment duration time; increase the cure rates of hard-to-treat patient populations, such as prior nonresponders to an IFN-based regimen; and establish all-oral IFN-free treatment regimens with fewer side effects, thereby providing therapeutic options for IFN-intolerant patients.
HCV NS5B is an RNA-dependent RNA polymerase (RdRp) that is responsible for the synthesis of both positive-strand genomic RNA and negative-strand RNA (5, 29) . The three-dimensional structure of HCV NS5B is similar to those of other RdRps, comprising a right-hand motif with thumb and finger domains and a palm domain containing the active site (26) . Several classes of NS5B inhibitors have been reported (3, 19) . The nucleoside NS5B polymerase inhibitors (NI) compete with the natural ribonucleoside triphosphate substrates of NS5B at the active site of the enzyme, where chain elongation is catalyzed. Nonnucleoside inhibitors (NNI) belong to diverse chemical families and usually bind to one of four distinct binding sites named NNI-1 to NNI-4, in locations distal from the catalytic center of the NS5B polymerase, thereby interfering with the initiation and/or elongation step of RNA synthesis. The NNI-1 binding site, also known as the thumb pocket I site, is located at the interface of the finger and thumb domains of the NS5B polymerase and is occupied by the flexible fingertip 1 loop when the NS5B polymerase is in a closed active conformation (11) . Binding of inhibitors to NNI-1 is purported to displace the flexible 1 loop from its thumb domain binding site, perturbing the interaction between the NS5B polymerase finger and thumb domains and thereby locking the enzyme in an open inactive conformation. Small molecules with benzimidazole (4, 16, 41) and indole chemical scaffolds (15) were identified as NNI-1-directed NS5B inhibitors.
A proof-of-concept study of HCV genotype 1-infected subjects showed that monotherapy with the NNI-1 inhibitor BI 207127 has antiviral activity against HCV genotype 1 (23). Zeuzem et al. reported on an orally administered triple combination treatment for 4 weeks with BI 207127, the HCV NS3/4A protease inhibitor BI 201335, and ribavirin without pegylated IFN-␣ in treatment-naïve patients infected with HCV genotype 1 (45) . This triple combination demonstrated potent early antiviral activity against HCV genotype 1 with good safety and tolerability.
We now report the in vitro inhibitory activity, mode of action, resistance profile, and genotypic coverage of TMC647055, a novel indole class NNI-1-directed NS5B inhibitor. Furthermore, we investigated the affinity of TMC647055 for a panel of HCV NS5B polymerases representing diverse genotypes. TMC647055-NS5B complex stability accounts for the potent inhibitory activity of TMC647055 against the majority of HCV genotypes.
MATERIALS AND METHODS
Inhibitor synthesis. TMC647055 and TMC435 were synthesized inhouse as described elsewhere (36, 43) .
Cells and plasmids. Huh7-Luc cells containing the genotype 1b Con-1 bicistronic subgenomic HCV replicon (clone ET) with cell culture adaptive mutations E1202G, T1280I, and K1846T in NS3 and NS4B and encoding a firefly luciferase reporter (28, 30) were kindly provided by R. Bartenschlager, University of Heidelberg, Heidelberg, Germany. Huh7-SG-Con1b cells (i.e., genotype 1b Con1-based subgenomic replicon clone with the S2204I cell culture adaptive mutation in NS5A) and Huh7-SG-1a cells (i.e., a genotype 1a H77-based subgenomic replicon clone with the P1496L and S2204I cell culture adaptive mutations in NS3 and NS5A) were obtained from Apath LLC (St. Louis, MO) (6, 7). Replicon-containing cells were maintained in Dulbecco's modified Eagle's medium (DMEM; Sigma D-5546 medium supplemented with 10% fetal calf serum [FCS] , 1% L-glutamine, 0.04% [50 mg/ml] gentamicin) containing 500 to 750 g/ml G418. Human hepatoma Huh7-lunet (obtained from R. Bartenschlager), VeroE6, MRC-5, HEK293T, and HepG2 cells were maintained in DMEM.
Cloning, expression, and purification of NS5B. The coding sequences of the different NS5B isolates lacking 21 C-terminal residues (NS5B⌬C21) were amplified and subcloned into the pET21b plasmid as described previously (32) . The NS5B⌬C21 expression constructs were then transformed into Escherichia coli Rosetta 2 (DE3) (Novagen, Madison, WI) for NS5B production, and protein was purified as reported before (32) .
RdRp assay. A primer-dependent transcription assay enabled the determination of 50% inhibitory concentrations (IC 50 s) essentially as described previously (32) . Briefly, following a 15-min preincubation with the inhibitor, 20 nM purified Con1b NS5B⌬C21 polymerase was incubated for 10 min with a mixture of 150 nM 5=-biotinylated oligonucleotide (rG 13 ) primer, 15 nM poly(rC) template, 19 mM Tris-HCl, 5 mM MgCl 2 , 17 mM NaCl, 21 mM KCl, and 2.5 mM dithiothreitol (DTT). Then, 600 nM GTP and 0.13 Ci of [ 3 H]GTP were added to the 40-l mixture to initiate the reaction; the mixture was then incubated at room temperature for 2 h before the reaction was stopped by the addition of 40 l streptavidin-coated SPA beads.
Anti-replicon activity and cytotoxicity of TMC647055. The luciferase reporter replicon assay and the replicon assays with a quantitative real-time PCR (qRT-PCR) readout were performed as described previously (27) . Briefly, Huh7-Luc replicon cells and counterscreen cell lines (Huh7-CMV-Luc and MT4-LTR-Luc) were incubated with serial dilutions of TMC647055 for 3 days, after which the luciferase activity was determined or HCV replicon RNA levels were measured and normalized to a cellular reference mRNA (the ribosomal subunit RPL13 gene). The 50% effective concentrations (EC 50 s) and n-fold changes in the EC 50 s were calculated for the inhibitor assayed in triplicate unless stated otherwise. The cytotoxicity of TMC647055 for different cell types (MRC-5, HEK-293T, HepG2, and VeroE6 cells) was analyzed after 3 days of inhibitor exposure by incubation with resazurin (Sigma-Aldrich, St. Louis, MO), followed by resorufin fluorescence detection in a fluorescence reader. Dose-dependent inhibition curves were used to calculate 50% cytotoxic concentrations (CC 50 s). In addition, CC 50 s were determined in an Huh7 hepatoma cell line expressing a luciferase reporter under the control of a human cytomegalovirus (CMV) major immediate-early promoter (Huh7-CMV-Luc) and in an MT4 T lymphocyte cell line (MT4-LTR-Luc) encoding a luciferase reporter under the control of the human immunodeficiency virus type 1 (HIV-1) long terminal repeat by measuring luciferase luminescence after 3 days of incubation in the presence of increasing concentrations of the compound.
Transient replicon assay: mutant replicons. The drug susceptibility of mutant replicons was assessed as described previously (25, 32) . Mutant replicons were generated by the introduction of site-directed mutations into the pFKi341Luc_NS3-3=_ET backbone, obtained from R. Bartenschlager (22) . Based on luciferase luminescence measurements of inhibitor-treated wells and nontreated-cell controls, dose-response curves and EC 50 s were calculated.
Transient replicon assay: NS5B chimeric replicons. NS5B chimeric replicons were generated as described previously (32) . The sensitivity of the chimeric replicons to TMC647055 was tested in a transient replicon assay as described previously (30) .
Selectivity of TMC647055 for HCV. Antiviral activities against a broad range of DNA (CMV, adenovirus, hepatitis B virus, vaccinia virus) and RNA (coxsackie virus, dengue virus, influenza virus, yellow fever virus) viruses were determined as described previously (1, 14, 18, 21, 27) .
Determination of affinity and dissociation constants of TMC647055 binding to NS5B. Interactions between NS5B⌬C21 polymerase isolates and inhibitors were measured via surface plasmon resonance (SPR) using the T100 Biacore system as described previously (32) . Briefly, purified, HIS 6 -tagged polymerases were immobilized using noncovalent, reversible capture on nitrilotriacetic acid sensor chips (GE Healthcare) in immobilization buffer (20 mM morpholinepropanesulfonic acid [MOPS; pH 7.4], 500 mM NaCl, 0.005% Tween 20, 1 mM DTT, 50 M EDTA). Immobilization levels of 5,000 to 20,000 resonance units were routinely reached. Interaction studies were all performed at 25°C with a flow rate of 10 l/min. Inhibitors were serially diluted in running buffer (20 mM Tris-HCl [pH 7.4], 150 mM NaCl, 50 M EDTA, 1 mM DTT, 0.005% Tween 20) containing 5% dimethyl sulfoxide (DMSO). Single-cycle kinetics were used in which five increasing concentrations of inhibitor were injected for a period of 300 s each in one single cycle, and dissociation was monitored for a period of 1,200 s. The sensor surface was regenerated by sequentially injecting regeneration buffer 1 {350 mM EDTA, 10% DMSO, 500 mM NaCl, 0.2% 3-[(3-cholamidopropyl)-dimethylammonio]-1-propanesulfonate (CHAPS), 0.1% soluble carboxymethyl-dextran} and regeneration buffer 2 (0.05% SDS in phosphate-buffered saline). Data were analyzed using simultaneous nonlinear regression analysis (global fitting) adapted for single-cycle kinetics with Biacore T100 BiaEval evaluation software 2.0 (GE Healthcare) as described previously (32) .
Colony formation assay with Huh7-Luc replicon cells. A colony formation assay was performed as described previously (25) . Briefly, Huh7-Luc replicon cells were seeded at a concentration of 2 ϫ 10 4 /10-cm dish and treated with different concentrations of a single inhibitor or a combination of two different inhibitors, respectively, in the presence of 1,000 g/ml G418. Medium was refreshed twice weekly, and fresh inhibitor was added. After 2 to 3 weeks, when significant cell death was visible, the remaining cell colonies were stained with neutral red and counted.
In vitro selection of resistant replicons. Huh7-Luc replicon cells were seeded at a concentration of 3 ϫ 10 5 /10-cm dish and treated with different concentrations of compound in the presence of 250 g/ml G418. TMC647055 concentrations of 375 nM, 750 nM, and 1.875 M (approximately 5, 10, and 25 times the EC 50 , respectively) were used for genotype 1b resistance selection experiments. For the genotype 1a resistance selection experiments, 750 nM and 1,500 nM TMC647055 (approximately 5 and 10 times the EC 50 , respectively) were used. Medium was refreshed twice weekly, and fresh compound was added. Cells were subcultured when necessary, and significant cell death typically occurred after 2 to 3 weeks. Surviving cell colonies were individually picked or pooled and expanded. As soon as the quantity of cells obtained was sufficient, RNA was extracted and amplified and the NS5B region was sequenced by standard Sanger sequencing at a population level.
HCV replicon clearance and rebound assay. For the HCV replicon clearance and rebound assay, Huh7-Luc replicon cells were seeded at a concentration of 3 ϫ 10 5 /10-cm dish and treated with different concentrations of a single inhibitor or a combination of two inhibitors for 2 weeks in the absence of G418 (clearance phase). Cells were subcultured twice per week during the clearance phase upon reaching 70 to 80% confluence, and cell pellets were collected for RNA extraction, followed by cDNA synthesis and RT-PCR to monitor HCV replicon RNA levels. After 2 weeks, cells were incubated in the absence of inhibitor for a further period of 3 weeks in the presence of 250 g/ml G418 to enable a rebound to occur where residual HCV replicon RNA was present after drug treatment. The G418-containing cell culture medium was refreshed every 3 to 4 days, and cells were subcultured when 70 to 80% confluence was reached. Cell pellets of each passage during the rebound phase were collected and subjected to RNA extraction, cDNA generation, and RT-PCR to monitor HCV replicon RNA levels.
RESULTS

TMC647055 is a cell-permeating, selective HCV NS5B inhibitor.
TMC647055 is a macrocyclic indole inhibitor (Fig. 1 ) that showed itself to be a potent inhibitor of the HCV NS5B polymerase (genotype 1b, Con1b), eliciting a mean IC 50 of 34 nM, as assessed in the RdRp primer-dependent transcription assay. In the stable replicon system, TMC647055 inhibited the replication of a genotype 1b replicon (clone ET) in the Huh7-Luc cell line with median EC 50 s of 77 nM (luciferase readout) and 139 nM (quantitative reverse transcription-PCR readout) ( Table 1 ). The median EC 50 s in Huh7-SG-Con1b, a stable genotype 1b cell line, and in Huh7-SG-1a, a stable genotype 1a cell line, were, respectively, 74 nM and 166 nM (RT-PCR readout). To investigate the effect on replicon activity of binding of the compound to human serum proteins, we added 40% human serum to the Huh7-Luc cell line. This resulted in an ϳ10-fold increase in the median EC 50 to 740 nM (luciferase readout). The mean CC 50 s for Huh7 and MT4 cells in a luciferase reporter assay were 42.1 M (n ϭ 5) and 28.9 M (n ϭ 16), respectively. Cytotoxicity measurements in a panel of additional cell lines (MRC-5, HEK-293T, HepG2, and VeroE6) using a resazurin assay all resulted in CC 50 s in excess of 50 M (see Table S1 in the supplemental material).
TMC647055 showed high selectivity for HCV when evaluated with a broad panel of human DNA and RNA viruses. At concentrations of up to 100 M, no antiviral activity was observed for CMV, adenovirus, vaccinia virus, coxsackie virus, influenza virus, and yellow fever virus and the compound showed no effect on dengue virus up to the highest tested concentration of 25 M (data not shown). The EC 50 in the hepatitis B virus antiviral assay was 86 M (data not shown).
In order to confirm that the inhibitor inhibited the NS5B polymerase via interaction with the NNI-1 pocket, the antiviral activity of TMC647055 was tested on a mutant panel in the transient replicon assay. TMC647055 showed median EC 50 changes in the replicon assay of 9-, 3-, and 371-fold for L392I, V494A, and P495L, respectively, three mutations that are associated with reduced sensitivity to NNI-1 inhibitors (37) ( Table 2) . Consistent with its mode of action, TMC647055 activity was not affected by mutations associated with reduced sensitivity to NNI-2, NNI-3, NNI-4, HCV NS5B nucleoside inhibitors, HCV NS3/4A protease inhibitors, and HCV NS5A inhibitors (20) .
Inhibitory activity of TMC647055 on HCV genotypes. The genotypic coverage of TMC647055 was investigated in a transient replicon assay using chimeric replicons based on the genotype 1b replicon (clone ET) in which the C-terminal part of NS5A (amino acids 440 to 447) and full-length NS5B (amino acids 1 to 591) were replaced with the corresponding sequence derived from samples from patients infected with HCV genotype 1a (n ϭ 14), 1b (n ϭ 10), 2b (n ϭ 2), 3a (n ϭ 2), 4a (n ϭ 1), or 6a (n ϭ 2); each chimeric replicon represented the NS5B sequence from a different patient. The genotype 5a chimera did not replicate, preventing the determination of an EC 50 . For genotype 2a, the corresponding sequence of JFH-1 was used. The median EC 50 of TMC647055 on NS5B sequences derived from clinical isolates of genotypes 1a, 1b, 3a, 4a, and 6a ranged between 27 nM and 113 nM (Table 3) . However, the genotype 2a and 2b chimeric replicons exhibited a more-than-200-fold reduction in susceptibility to TMC647055 in comparison with the reference genotype 1b (clone ET) replicon.
The affinity, binding kinetics, and dissociation constants of TMC647055 and HCV NS5B. Previous studies have demonstrated a good correlation between the cellular inhibitory activity of an inhibitor (EC 50 ) and the affinity of the inhibitor for its target protein as measured by SPR (10, 32, 33, 42) . This technique enables accurate determination of inhibitor binding kinetics, i.e., the association rate constant (k on ), dissociation rate constant (k off ), affinity (K D ϭ k off /k on ), and complex stability (t 1/2 ϭ ln2/k off ).
TMC647055 displayed high-affinity interaction (median K D , Ͻ35 nM) with NS5B across all genotypes, except for genotype 2b, for which the median K D of 880 nM was more than 20 times higher than those for the other genotypes (Table 4 ). This reduced affinity for genotype 2b NS5B was due mainly to a Ͼ9-fold increased dissociation rate and concomitant Ͼ9-fold decreased inhibitor-NS5B complex stability. Genotype 1b samples displayed the highest complex stability (median t 1/2 , 121 min). The median n-fold change in the K D of the NS5B enzymes of different genotypes compared to that of the Con1b wild-type enzyme, as measured in SPR, was shown to be concordant with the median n-fold change in the EC 50 s of NS5B sequences of different genotypes, compared to that of the wild-type genotype 1b (clone ET) replicon, as assessed in a transient replicon assay (Fig. 2) .
In agreement with the data from the transient replicon studies, the affinity of TMC647055 for NS5B was affected by mutations in the NNI-1 binding pocket (Table 5) and not by mutations in other NNI and NI binding pockets (data not shown). The L392I and V494A mutations resulted in, respectively, 13-and 4-fold reductions in affinity, mainly due to an increased dissociation rate constant (k off ) and commensurately reduced complex stability. The P495L mutant elicited a Ͼ1,000-fold reduction in affinity, through a combination of a 6-fold reduced k on and a Ͼ200-fold increased k off (Table 5 and Fig. 3) .
Frequency of resistant colony formation. The frequency of resistant colony formation was determined in a colony formation assay using Huh7-Luc replicon cells incubated in the presence of different concentrations of TMC647055 and TMC435, a potent, once-daily HCV NS3/4A protease inhibitor (27) , alone or in com- bination (see Fig. S1 in the supplemental material). After 2 to 3 weeks, the control dish containing untreated Huh7-Luc replicon cells showed widespread cell growth, whereas a dose-dependent reduction of cell colony formation was observed under TMC435 (Ͼ100 colonies at 80 nM and 19 colonies at a 200 nM concentration) or TMC647055 (30 colonies at a 750 nM concentration) pressure (see Fig. S1 in the supplemental material). Interestingly, no resistant replicon cell colonies were observed with 1.5 M TMC647055 alone, indicating complete clearance of the replicon from the cells. Combination of TMC435 with TMC647055 suppressed the formation of resistant colonies, even at the lowest concentrations used (see Fig. S1 in the supplemental material). No long-term cytotoxic effects in the absence of the G418 selection agent were observed at combinations of the highest concentrations tested (data not shown).
In vitro resistance selection with TMC647055. Six independent resistance selection experiments were performed with TMC647055 and genotype 1b replicon (Huh7-Luc) cells, and two independent experiments were performed with genotype 1a replicon cells. In all of the experiments, resistant colonies were observed and the HCV replicon RNA was sequenced. NS5B sequences were obtained from 70 TMC647055-treated replicon colonies or pools (21 of genotype 1a and 49 of genotype 1b). Eight sequences were obtained from untreated controls. Only amino acid substitutions that were observed in at least three NS5B sequences from experiments in the presence of TMC647055, as well as any observed TMC647055 binding pocket variations, were further profiled in the transient replicon assay. Notably, none of the sequences analyzed from the control experiments incubated in the absence of TMC647055 contained amino acid changes in the NS5B region.
In genotype 1b resistance selection experiments, mutations were most frequently observed at NS5B residues L392 (L392I) and P495 (P495S/T/L), while in genotype 1a experiments, mutations at NS5B residues P495 (P495S/L), Q309 (Q309R/K), F574 (F574V/S/A), and C575 (C575F/S) were most frequently selected (Fig. 4 and Table 6 ). When the corresponding mutations were introduced into the genotype 1b ET transient replicon backbone, NNI-1 binding pocket mutations L392I, P495S, P495T, and P495L showed EC 50 changes of 9-, 51-, 45-, and 371-fold, respectively. Another mutation that was identified, although at a low frequency (observed in two NS5B sequences from genotype 1b selection experiments), and was previously shown to be associated with reduced sensitivity to NNI-1 inhibitors was V494A. This mutation caused a 3-fold change in sensitivity to TMC647055 (37) . None of the mutations outside the NNI-1 binding pocket that were identified in the resistance selection studies and tested in the transient replicon assay (i.e., K79R, N110S, Q309R, T418A, W574V [F574V in genotype 1a], and C575F) displayed an EC 50 change of Ͼ2-fold compared to reference genotype 1b (Table 6 ). However, it needs to be taken into account that the F574V and C575F mutations were selected only in the genotype 1a replicon but phenotyped in a genotype 1b transient replicon. The lack of a change in EC 50 in the genotype 1b backbone supports the finding that those mutations are not selected in the genotype 1b background.
In vitro clearance of HCV replicon RNA in genotype 1b replicon. The in vitro clearance of HCV genotype 1b replicon RNA was determined in an HCV replicon clearance and rebound assay using Huh7-Luc replicon cells incubated in the presence of different concentrations of TMC647055 alone or in combination with the HCV NS3/4A protease inhibitor TMC435 (Fig. 5) . HCV replicon RNA was monitored by RT-PCR. The median EC 50 of TMC435 was 13 nM (27), compared with 139 nM for TMC647055 in a 3-day assay in Huh7-Luc replicon cells with HCV RNA readout. In the untreated Huh7-Luc control cells, the HCV replicon RNA content was relatively constant over the whole time of the experiment, with a maximum fluctuation of ϳ0.3 log 10 .
A fast dose-dependent reduction of HCV replicon RNA was detected upon incubation with 1.5 M and 3.75 M TMC647055 during the clearance phase in week 1, after the first passage of the cells. A maximal reduction of HCV replicon RNA was observed (Table  4) were calculated by using the Con1b reference strain, while for n-fold changes in median EC 50 s (Table 3) , the 1b clone ET reference strain was used.
after the second passage with a decline of 3.1 log 10 for the 1.5-Mtreated cells and 3.7 log 10 for the 3.75 M-treated cells. Treatment of the replicon-containing cells with a combination of 1.5 or 3.75 M TMC647055 with 100 nM TMC435 resulted in a rapid decline of HCV replicon RNA within the first two passages of the cells with a maximal reduction of 4.5 log 10 . HCV replicon RNA remained below the limit of quantification during the remainder of the clearance phase, suggesting efficient removal of the replicon and suppression of resistance. These data were in line with the complete suppression of the formation of resistant colonies by the combination of TMC647055 and TMC435.
DISCUSSION
Before the introduction of NS3/4A protease inhibitors in HCV treatment regimens, cure rates resulting from pegylated IFN-␣ and ribavirin were moderate, with only 40 to 50% of patients infected with HCV genotype 1 achieving an SVR. The inclusion of telaprevir or boceprevir in regimens with pegylated IFN-␣ and ribavirin strongly improves the SVR. However, the side effects from the pegylated IFN-␣ treatment and the limited response in treatment-experienced nonresponders highlight the need for the development of other DAAs to be used in DAA combination treatment regimens.
Combination therapies with DAAs with different modes of action, e.g., NS3/4A protease and NS5B polymerase inhibitors, will likely become the future standard of care for the treatment of chronic hepatitis C with improved treatment outcomes and the potential to develop an IFN-free treatment regimen with fewer side effects. TMC647055 was identified as a novel NS5B inhibitor (43) that binds to the NNI-1 allosteric site of the NS5B polymerase. The inhibitor demonstrated potent inhibition in a biochemical RdRp assay with the genotype 1b NS5B enzyme, as well as in genotype 1a and 1b replicon systems. A 10-fold shift in replicon activity was observed in the presence of 40% human serum, which could be expected given the fact that this compound shows a high degree of binding to human serum proteins (data not shown). Additionally, no cytotoxicity (CC 50 ) was observed in a panel of cell lines with concentrations of TMC647055 of up to 50 M, while it was a very specific HCV replication inhibitor.
The activity of TMC647055 against NS5B sequences of different HCV genotypes was determined using a transient assay with chimeric replicons based on the genotype 1b clone ET replicon backbone. The inhibitor displayed high potency against genotypes 3a, 4a, and 6a comparable to its activity against genotype 1, suggesting that the overall shape of the NNI-1 pocket is well conserved among these different genotypes. Variability in susceptibility to TMC647055 was observed within the genotype 1a chimeric replicons with a EC 50 range of 0.016 to 0.185 M. The observed variability could not be associated with potential differences in the TMC647055 binding pocket residues, as evaluated by population sequencing of the constructs (data not shown). Activity in the genotype 2a and 2b chimeric replicons was reduced compared to that in the reference genotype 1b clone ET replicon. Likewise, loss of susceptibility of a genotype 2b NS5B polymerase to the Merck indole-N-acetamide class NNI-1 inhibitors has been reported (37) , suggesting that this may be a common property of NNI-1 inhibitors. The genotype 5a chimera did not replicate, and hence, TMC647055 could not be assessed against this genotype in the chimeric replicon assay. Key mutations at amino acid positions 392, 494, and 495 known to be selected in the presence of NNI-1 inhibitors were identified during in vitro resistance selection experiments with TMC647055 (37) . Linkage studies of the observed mutations in resistance selection studies with TMC647055 were not performed at this stage.
Mutations in the NNI-2, NNI-3, and NNI-4 binding pockets and the catalytic site did not affect the affinity of TMC647055, nor did mutations that confer resistance to other classes of HCV inhibitors, i.e., NS3/4A protease and NS5A inhibitors (20) , suggesting that combination therapy with other classes of NS5B inhibitors and HCV NS3/4A protease and NS5A inhibitors is possible. TMC647055 at a concentration of 1.5 M completely suppressed the formation of resistant replicon colonies in a colony formation assay using genotype 1b Huh7-Luc replicon cells. At 750 nM, a combination with the HCV NS3/4A protease inhibitor TMC435 at 80 nM was needed to suppress the formation of resistant colonies, suggesting that combination of the two inhibitors is beneficial in suppressing the emergence of resistant mutants in vitro. This finding is in line with earlier findings in the HIV field, where combinations of antivirals with different mechanisms of action are used to reach sustained viral suppression and to prevent the development of resistance (34) .
In an HCV replicon clearance and rebound assay using Huh7-Luc replicon cells, a fast dose-dependent reduction but incomplete clearance of HCV replicon RNA was detected upon incubation with 3.75 M TMC647055 during the clearance phase of the assay, and after cessation of TMC647055 treatment, a rebound of HCV replicon RNA was observed. Hence, TMC647055 alone was not sufficient to clear the replicon completely from the cells in this experimental setting. Interestingly, combination of 1.5 M TMC647055 with 100 nM TMC435 resulted in a fast decline of HCV replicon RNA to below the level of quantification during the clearance phase and prevention of the rebound of HCV replicon RNA during the rebound phase. These results further substantiate the thesis that a combination of two DAAs with different mechanisms of action is favored over monotherapy in terms of HCV resistance development and virus suppression. However, for each combination, further studies are needed to exclude a potential antagonistic effect of the combination. Currently, many clinical studies are ongoing that evaluate the use of DAA combinations in the treatment of HCV-infected patients. In particular, the combination of a protease inhibitor and an NNI with ribavirin has shown clinical efficacy in HCV-infected patients with high rates of rapid virologic response and SVR, especially in genotype 1b-infected patients (46) . SPR enabled delineation of the kinetics of TMC647055 binding to multiple NS5B⌬C21 polymerase clinical isolates and isolates with site-directed mutations. In general, high-affinity interactions between TMC647055 and NS5B were observed for all genotypes, except for genotype 2b, with genotype 1b complexes displaying the greatest complex stability. The reduced affinity for the geno- type 2b enzyme derived from an increased dissociation rate and the resultant decreased complex stability; the association rate for the genotype 2b enzyme was similar to that observed for other genotypes. Similar trends in affinity (K D ) and inhibitory activity (EC 50 ) were observed for TMC647055 across the tested genotypes and mutants. This makes it possible to predict the likely drug susceptibility of clinical isolates even when these isolates are not compatible with replication in the replicon system, as was the case for a genotype 5a chimera.
SPR enables the determination of protein-inhibitor complex half-lives, which may be an important factor in clinical efficacy (9) . It was recently reported that BI207127 and MK-3281, two NNI-1 inhibitors currently in clinical development, exhibit lower clinical efficacy in genotype 1a-infected patients than in genotype 1b-infected patients (8, 23) . While it remains to be determined whether these observations are related to reduced complex halflives for the genotype 1a NS5B polymerase complexes, our results suggest that it may be useful to evaluate complex half-life as an additional selection criterion during NNI-1 discovery and optimization. After demonstrating the safety and tolerability of single and repeated doses of TMC647055 in healthy volunteers, its antiviral activity was studied by treating HCV genotype 1a-and 1b-infected patients with doses of 500 or 1,000 mg twice daily for 5 days with a morning dose on day 6. A potent antiviral response was observed in HCV genotype 1b-infected patients (median maximum decrease in HCV RNA from baselines of, respectively, 3.3 and 3.4 log 10 IU/ml) (24) . In HCV genotype 1a-infected patients, the antiviral activity was dose dependent with a median maximum decrease in HCV RNA from a baseline of 1.4 log 10 IU/ml at 500 mg twice daily and of 2.4 log 10 IU/ml at 1,000 mg twice daily (24) . These first clinical efficacy data support the further development of TMC647055 for the treatment of hepatitis C disease.
In summary, we report that TMC647055 is a potent and selective NS5B NNI-1 inhibitor with activity against most HCV genotypes. The contribution of TMC647055 to in vitro virus eradication and prevention of the emergence of resistant virus mutants when combined with the HCV NS3/4A protease inhibitor TMC435 supports its further clinical evaluation for the treatment of HCV infections.
